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whole range of metabolic pathways. The use of calcium ions as a secondary messenger in and
around organelles is increasingly appreciated as an important mediator of plant cell signaling,
enabling plants to develop or to acclimatize to changing environmental conditions. Here, we have
studied the four calcium-dependent mitochondrial carriers that are encoded in the Arabidopsis gen-
ome. An unknown substrate carrier, which was previously found to localize to chloroplasts, is pro-
posed to present a calcium-dependent S-adenosyl methionine carrier. For three predicted ATP/
phosphate carriers, we present experimental evidence that they can function as mitochondrial
ATP-importers.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants can react rapidly to a changing environment or stress
conditions by employing immediate signaling pathways, such as
calcium signaling. This involves the generation of speciﬁc informa-
tion in transient or oscillating spikes of free calcium ions that are
decoded by calcium binding proteins, ultimately leading to a phys-
iological change of the plant (recently reviewed in [1–3]). Canoni-
cal calcium binding proteins contain EF-hands with a high afﬁnity
for calcium ions (Ca2+) [4,5]. Fluxes of free Ca2+ have been reported
to occur upon a myriad of stresses and developmental cues and
take place mainly in the cytoplasm [6]. However, Ca2+ ﬂuxes and
Ca2+-dependent signaling pathways in and around plant organ-
elles, such as mitochondria and chloroplasts have also been re-
ported [7]. In chloroplasts, Ca2+ ﬂuxes have been measured upon
the transition from light to dark [8] and in mitochondria, they werechemical Societies. Published by E
bongkrekic acid; MCF, mito-
e; SAMTL, SAM transporter-
cent protein
e).elicited by a range of stimuli, including application of H2O2, touch
stimulation and anoxia [9,10]. An evolutionary conserved enzyme
of the bacterial stringent response, which contains two EF-hands
(CRSH) and a non-canonical calcium binding protein that inﬂu-
ences the cytosolic calcium ﬂuxes observed during stomatal clo-
sure (CaS) localize to chloroplasts [11–15]. In addition, the
mitochondrial type II NAD(P)H:quinone oxidoreductases contain
EF-hands and are Ca2+-regulated [16]. Despite these initial reports,
only a few more Ca2+-binding proteins have been found in these
organelles and even less data exist on the roles that Ca2+ signaling
in mitochondria or chloroplasts play in adjusting the physiology of
the plant to its changing environment.
The mitochondrial carrier family (MCF) contains transmem-
brane transporter proteins that transport a diverse set of substrates
such as ATP/ADP [17], citrate [18] and glutamate [19] (for a com-
plete overview see [20]). Originally they were found to localize
exclusively to mitochondria [21], however, in plants certain prom-
inent members are also located in other organelles. For example,
the S-adenosylmethionine (SAM) transporter SAMT1 localizes to
chloroplasts [22] and the peroxisomal ATP/ADP translocases
PNC1 and PNC2 localize to peroxisomes [23]. MCF proteins have
three tandemly repeated homologous domains [24], eachlsevier B.V. All rights reserved.
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speciﬁc amino acids that determine the substrate speciﬁcity [25].
This protein family is conserved in eukaryotes and contains 35
putative members in Saccharomyces cerevisiae, about 50 in Homo
sapiens and 58 in Arabidopsis thaliana. The rare examples found
in pathogenic prokaryote genomes appear to be pseudogenes
resulting from horizontal gene transfer. The high conservation of
functional residues between species allows the predictive assign-
ment of substrate speciﬁcity based on protein homology [20].
Interestingly, the aspartate/glutamate and ATP-Mg/Pi carrier sub-
families, which have been described in yeast and human have
EF-hands containing N-terminal protein extensions and their
transport activities are Ca2+-dependent [26–29]. Out of our interest
for calcium signaling in organelles we set out to describe and char-
acterize the four EF-hand containing MCF proteins that are present
in the Arabidopsis genome.
2. Materials and methods
2.1. Plant material and yeast strains
Tobacco plants (Nicotiana tabacum cv. Petite Havana SR1) were
grown in soil for approximately 6–7 weeks under short day condi-
tions (8 h light) in a climate chamber with a light strength of
150 lM photons/m2 s. Yeast strains were W303 (MATa leu2-
3.112 trp1-1 can1-100 ura3-1 ade2-1 his3-11.15) and Dsal1 (as
W303, but, AAC1–3, Dsal1::kanMX4). Agrobacterium tumefaciens
strain was AGL1 (recA::bla pTiBo542DT Mop+ CbR; Lazo et al,
1991).
2.2. Computational procedures
Sequences of plant orthologs from SAMTL (At2g35800) and
APC1 (At5g61810.1), APC2 (At5g51050), and APC3 (At5g07320)
were retrieved from the Phytozome database (http://www.phyto-
zome.net/). Algae sequences and the sequences from S. cerevisiae
and H. sapiens were obtained from a BLAST search of the NCBI nr
protein sequence database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
[30]. Sequences were screened with ScanProsite (http://www.
expasy.org/tools/scanprosite/) [31] and only those containing
EF-hands were considered for further evaluation. Transmembrane
domains were predicted by Aramemnon (http://aramemnon.
botanik.uni-koeln.de/) [32]. Sequences (NCBI protein accession
numbers listed in Supplementary Table 1) were aligned with the
ClustalW2 program (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
[33] and visualized as phylogenetic tree. For substrate prediction
of SAMTL, all plant and algae orthologs were aligned and the rela-
tive positions of the functional residues were compared to the se-
quence of the bovine ATP/ADP carrier. Residues that line the carrier
cavity were identiﬁed, in particular the contact points of the pre-
dicted substrate binding site and the salt bridge networks. These
were compared to known transporters to predict the nature of
the substrate and the translocation mechanism [25,34].
2.3. Subcellular localization analysis of YFP-fusion proteins
Full-length coding sequences of APC1, 2 and 3 were cloned in
the plant binary expression vector pBIN19 containing a C-terminal
YFP-tag, transformed into AGL1 and inﬁltrated in tobacco leaves as
described previously [35]. Tobacco protoplasts were prepared from
inﬁltrated leaves two days after transfection according to [36] and
stained with MitoTracker Red CMXRos (Molecular Probes; ﬁnal
concentration of 100 nM). Images were taken on a confocal laser
scanning microscope Zeiss 510 model, with a Plan-Neoﬂuar 40x/
1.3 oil DIC objective.2.4. Radiolabeled calcium overlay assays
Assays were performed as described earlier [37] with minor
modiﬁcations using recombinant proteins expressed in Escherichia
coli. The N-terminal parts of SAMTL (amino acids 1–424), APC1 (1–
187), APC2 (1–200) and APC3 (1–188) were expressed and puriﬁed
with the IMPACT™ System (New England Biolabs) that allows the
puriﬁcation of untagged proteins. After puriﬁcation 2.5 and 0.25 lg
of protein were spotted on PVDF membranes. As controls, the re-
combinant EF-hand protein aequorin and commercially available
bovine serum albumin (BSA, New England Biolabs) were used.
Membranes were incubated three times for 20 min at room tem-
perature with buffer containing 60 mM KCl, 5 mM MgCl2, 60 mM
imidazole-HCl (pH 6.8), before incubation in the same buffer con-
taining 0.1 lM 45CaCl2 (13.90 mCi/mg; Perkin Elmer) and 0.1 mM
‘cold’ CaCl2 for 10 min at room temperature. Membranes were sub-
sequently washed for 5 min with 50% ethanol. Autoradiographs
were visualized on a FUJI FLA-3000 (FUJIFILM). Membranes were
subsequently stained with amido black.
2.5. Yeast functional complementation assay
Full-length coding sequences of APC1, 2 and 3were cloned in the
yeastexpressionvectorYEp351behindtheconstitutivemethionine-
repressible promoter (pMet25) and were transformed into W303
and Dsal1 yeast strains. An empty vector served as a negative con-
trol. Cultures were grown aerobically to an OD600 of 1.0 and were
subsequently diluted to anOD600of 0.1, 0.01, and 0.001. 5 ll of each
dilutionwere plated on SD-Leu plates (pH 4.0) containing 0.0, 0.5 or
1 lM bongkrekic acid (BKA, Enzo Life Sciences) and the plates were
incubated for 2 days at 30 C according to [38].
3. Results
3.1. The calcium-binding MCF proteins form two phylogenetically
distinct groups in plants
In a proteomic approach aiming at the identiﬁcation of novel
Ca2+-binding proteins in the chloroplast, we identiﬁed recently a
member of the MCF with unknown function containing one EF-
hand, to be targeted to the chloroplast envelope and called it
SUC (substrate carrier) [39]. To avoid confusion with the sucrose-
H+ symporters, named SUC1-9 [40], we will refer to this protein
from now on as SAMTL, for SAM transporter-like. From the 58
other members of this family in Arabidopsis, three more MCF pro-
teins contain EF-hands: APC1, 2 and 3 (ATP/Phosphate Carrier 1, 2
and 3) as referred to by Palmieri et al. [20], due to their high
homology to the mitochondrial ATP-Mg/Pi carriers in yeast and hu-
man. These carriers have not been described experimentally before
in Arabidopsis.
A phylogenetic analysis of the aforementioned Arabidopsis pro-
teins with their orthologs in dicots, monocots, mosses, green algae,
fungi and humans is shown in Fig. 1. Based on phylogenetic dis-
tance as well as on differences in their primary protein structure
and functional residues in the predicted binding site, SAMTL and
APC1, 2 and 3 are most likely not functionally related. SAMTL
seems to be speciﬁc for higher plants, mosses and algae. No homo-
logues proteins containing EF-hands could be found in the gen-
omes of yeast and humans. The closest homolog found, using
proﬁle hidden Markov models of conserved portions of SAMTL, is
the SAM transporter of plants (Arabidopsis SAMT1), animals and
fungi. However, the SAM transporters do not contain EF-hands. S.
cerevisiae has a single ortholog of the APC1, 2 and 3 proteins,
named Suppressor of Aac2 Lethality 1 (SAL1; [29]), and humans
have three orthologs, called Short Calcium-binding Mitochondrial
Fig. 1. Phylogenetic tree generated using ClustalW2 of the calcium-binding MCF
proteins of the SAMTL subfamily (grey box), and APC1, 2 and 3 with their orthologs
in dicots, monocots, mosses, green algae, yeast, and humans including the
Arabidopsis chloroplast SAM transporter (AtSAMT1). NCBI protein accessions are
listed in Supplementary Table 1. Species: At, Arabidopsis thaliana; Hs, Homo sapiens;
Mp, Micromonas pusilla; Os, Oryza sativa; Ot, Ostreococcus tauri; Pp, Physcomitrella
patens; Rc, Ricinus communis; Sb, Sorgum bicolor; Sc, Saccharomyces cerevisiae; Sm,
Selaginella moellendorfﬁi; Vv, Vitis vinifera.
Fig. 2. Localisation, calcium-binding and domain structure of the MCF proteins
APC1, 2 and 3. (A) Localization analysis of APC1, 2 and 3 in tobacco protoplasts.
Chlorophyll autoﬂuorescence is shown in red, the mitochondrial marker MitoTrac-
ker in magenta, and the APC1-, 2- and 3-YFP-fusion proteins in cyan. Scale
bar = 10 lm. (B) and (C) Scheme of the protein domains and predicted membrane
topology of SAMTL and APC1-3, respectively displaying the EF-hands as white and
the TM domains as black boxes. IMS, intermembrane space. (D) Radiolabeled
calcium (45Ca) overlay assay showing the binding of 45Ca2+ to the puriﬁed N-
terminal EF-hand containing parts of SAMTL and APC1-3, spotted on a PVDF
membrane. Aeq, aequorin; BSA, bovine serum albumin. The left panel shows the
binding of 45Ca2+ on the autoradiogram and right panel shows the presence of the
protein (2.5 lg and 0.25 lg, respectively).
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gether with its orthologs in monocots and dicots, whereas APC1
and 3 most likely duplicated later in evolution and therefore are
paralogs of APC2.
3.2. The MCF proteins APC1, 2 and 3 localize to mitochondria and all
EF-hand containing MCF proteins bind Ca2+ in vitro
YFP-fusion analysis of the full-length APC1, 2 and 3 proteins
transiently expressed in tobacco protoplasts clearly shows that
they are localized to mitochondria, judged by the overlap of the
YFP-signal with MitoTracker (magenta ﬂuorescence Fig. 2A). This
is the ﬁrst experimental subcellular localization evidence for the
full-length APC1, 2 and 3 proteins, whilst these carriers have not
been found in any proteomic study to date. SAMTL was previously
found to localize to the chloroplast by three independent proteo-
mic studies and could be conﬁrmed to reside in the chloroplast
envelope by YFP-fusion analysis [39,42,43].
To test the Ca2+-binding capacity of the EF-hands of SAMTL and
APC1, 2 and 3, which are depicted in the scheme of their protein
domains (Fig. 2B and C), we performed radiolabeled calcium
(45Ca) overlay assays on the N-terminal extensions of the carriers,
containing the EF-hands, but excluding the carrier domains.
Aequorin served as a positive control and BSA as a negative control
(Fig. 2D). Further controls showing the purity of the recombinant
proteins and more negative controls are shown in Supplementary
Fig. 2. All four EF-hand containing MCF proteins were clearly able
to bind Ca2+ in vitro. Unexpectedly, the intensity of the autoradio-
gram of SAMTL appeared to be similar to that of aequorin even
though the latter should be stronger, given that aequorin contains
three EF-hands and SAMTL contains only one EF-hand. However,
this calcium (45Ca) overlay assay is only qualitative and obtaining
quantitative measures of Ca2+-binding capacities were beyond
the scope of this study.
3.3. Prediction of substrate speciﬁcity suggests SAMTL to be a plastidial
SAM importer
Because there are no clear orthologs of SAMTL experimentally
described yet, we made a prediction for the type of substrate it
could carry based on a multiple sequence alignment of all SAMTL
orthologs in plants and algae. We focused on the 6 transmembrane
(TM) domains forming the central carrier pore as depicted in
Fig. 2B (Supplementary Fig. 1). According to Robinson and Kunji
[25], MCF proteins can be classiﬁed in three major subfamilies
based on their functional residues that protrude into the central
carrier pore: keto acid carriers, amino acid carriers and carriers
of adenine-containing substrates. In the case of SAMTL, the pres-
ence of positively and negatively charged amino acids (RE) at posi-
tion 692–693 in TM4 indicates that the protein transports a
charged amino acid or a zwitterionic compound (Fig. 3). The sub-
strate most likely has a negatively charged side chain that could
be coordinated by the positively charged stretch (SxxHR) at posi-
tion 605 in TM2. The transport activity is not proton-coupled, be-
cause the non-charged residues at position 555–556 (ST) in TM1
cannot carry protons to mediate a carboxyl–carboxylate interac-
tion between substrate and carrier, as seen in other proton-cou-
pled carriers [34]. Furthermore, the presence of a complete salt-
bridge network on both the cytoplasmic side and the matrix (stro-
mal) side indicates that the carrier is a substrate exchanger. In this
network, the charged residues of the [(F/Y)(D/E)xxK] motifs at the
C-termini of all three even-numbered TM helices interact by
hydrogen bonding and electrostatic interactions to close the pore
to the cytoplasm and the [Px(D/E)xxK] motif at the C-termini of
odd-numbered TM helices closes the pore to the stromal side of
the carrier. Instead of the conserved tryptophan W786 in
Fig. 3. Multiple sequence alignment of the EF-hand domain and the six TM domains of the active pore (as depicted in Fig. 2B) of the green plant SAMTL sub-family of MCF
proteins of Arabidopsis (At), wine (Vv), rice (Os), Physcomitrella (Pp), and Selaginella (Sm). The EF-hand is indicated with gray lines for the a-helical parts and a black line for
the central Ca2+-binding loop. Indicated in brackets are the amino acids 1, 3, 5, 7, 9 and 12, which are involved in the pentagonal bipyramidal orientated binding of Ca2+ and
position 1, 3 and 12 are the most conserved. The central glycine at position 6 allows for the Ca2+-binding loop to make a sharp turn. The essential amino acids for interaction
with substrates in the TM domains are indicated in brackets.
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ent at this position in most other mitochondrial carriers. Interest-
ingly, a similarly conserved tryptophan is also found in
S-adenosyl methionine (SAM) carriers. In combination with the
overall homology to the SAM carrier and the ﬁtting substrate
description, SAMTL is therefore highly likely to exchange SAM for
S-adenosyl homocysteine (SAHC), as it was experimentally found
for the SAM transporter of Arabidopsis (SAMT1; [22,44]).
3.4. APC1, 2 and 3 are able to complement an ATP-importer deﬁcient
yeast strain
To prove the predicted activity of APC1, 2 and 3 as ATP-Mg/Pi
transporters to import ATP into mitochondria in exchange for
phosphate, we have exploited the high homology between APC1–
3 and their yeast ortholog SAL1. In a recent study, Laco and col-
leagues have shown that SAL1 becomes essential for the viability
of yeast growing in the presence of bongkrekic acid (BKA), a potent
inhibitor of the major ATP/ADP carrier AAC2 [38]. The lack of AAC2
can be compensated by SAL1 under growth conditions where ATP
export frommitochondria is expendable, e.g. on glucose media. We
expressed the Arabidopsis APC1, 2 and 3 genes under a constitutive
promoter in a SAL1 knock-out (Dsal1) yeast strain and compared
their growth in the presence of increasing amounts of BKA (0.5
and 1 lM) (Fig. 4). Without BKA all strains grew like the wild type,
but with increasing amounts of BKA, the Dsal1 strain showed se-vere growth retardation, as reported before [38]. Clearly, the
expression of APC1, 2 and 3 in the Dsal1 strain (Dsal1-APC1-3)
fully restored yeast growth back to the wild-type level
(W303-APC1-3) on both amounts of BKA. This indicates that
APC1, 2 and 3 can functionally substitute for SAL1 and because of
their orthology and localization they are likely mitochondrial
ATP-Mg/Pi transporters in Arabidopsis.
4. Discussion
We present evidence for a plant Ca2+-binding subfamily of mito-
chondrial carriers containing two types of functionally unrelated
proteins. On the one hand there is SAMTL, which has an unusually
long N-terminal extension that targets it to chloroplasts, as previ-
ously reported [39]. In addition, the observation that SAMTL is only
present in the green lineage (plants and green algae) correlates
with its chloroplast localization. Hence, SAMTL is another excep-
tion to the exclusive mitochondrial localization of members of this
carrier family. Also its single EF-hand is rather unusual, as EF-
hands mostly occur in pairs in order to bind Ca2+ in a cooperative
manner [45]. Nonetheless, SAMTL was still able to bind speciﬁcally
to Ca2+ in vitro (Fig. 2D) and this has been reported for other single
EF-hand proteins as well [46,47]. While protein homo-dimeriza-
tion is disputed to inﬂuence the activity of MCF proteins
[34,48], it might be a means for the EF-hand of SAMTL to be fully
responsive to the Ca2+ ﬂuxes of the cell. In addition highly
Fig. 4. Yeast functional complementation of SAL1 deﬁcient yeast with APC1-3. (A)
Dilution series (OD600 of 0.1, 0.01, and 0.001) of wild type (W303), SAL1 deﬁcient
(Dsal1) and Dsal1 expressing APC1-3 (Dsal1-APC1-3) yeast strains, growing on
glucose-containing plates (pH 4.0), containing 0, 0.5, and 1.0 lM of bongkrekic acid
(BKA). (B) Dilution series of control yeast strains (W303) expressing APC1-3 (W303-
APC1-3) on glucose-containing plates (pH 4.0) containing 0, 0.5 and 1.0 lM of BKA.
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was reported for other MCF proteins [49]. The localization of
SAMTL to the inner envelope (Fig. 2B) was tentatively assigned
based on two facts. First, small molecules are able to freely pass
the outer plastid envelope through speciﬁc solute channels (OEP’s,
outer envelope proteins [50]) and second, at least in mitochondria,
most MCF proteins localize to the inner membrane with both
N- and C-terminus facing the inner membrane space [51]. Accord-
ingly, the EF-hand of SAMTL would be located in the inner mem-
brane space. Based on predictions, the most likely substrate of
SAMTL is S-adenosyl methionine (SAM). Chloroplasts have a high
requirement for SAM as a methyl donor in a variety of methylation
processes, most notably in the biosynthesis of prenyllipids and
chlorophyll [52]. However, SAM is only produced in the cytoplasm
and hence needs to be imported into chloroplasts. SAMT1 was
found to localize to chloroplasts and was experimentally proven
to carry SAM [22,44]. Interestingly, deletion of SAMT1 in Arabidop-
sis does not completely abolish SAM levels in chloroplasts, thus
suggesting the presence of another SAM transporter, a role that
could be fulﬁlled by SAMTL. Data from the publically available
gene expression data mining interface GENEVESTIGATOR [53],
indicates that the SAMTL gene is expressed throughout the whole
plant with globally higher expression in green tissues than in roots.
Intriguingly, the biggest variation in gene expression is brought
about by mutants affecting chlorophyll biosynthesis, where SAM
is involved through the enzymatic action of Magnesium protopor-
phyrin IX O-methyltransferase [54]. The gun1/gun5 mutant lacks
certain enzymes for the biosynthesis of chlorophyll [55]. The ﬂu
mutant over-accumulates protochlorophyll because it is defective
in a negative feedback loop of chlorophyll biosynthesis [56]. Taken
together, SAMTL gene expression is down-regulated upon accumu-
lation of protochlorophyll and vice versa. We speculate that the
amount of SAM in the chloroplast is ﬁne-tuned by SAMTL in re-
sponse to the varied consumption of SAM in chlorophyll biosyn-
thesis. Notably, the gene expression of SAMT1 is not altered in
the aforementioned mutants.
On the other hand, there are the mitochondria localized carriers
APC1, 2 and 3. Based on prediction and the results of this work we
can conﬁdentially suggest that APC1-3 are Ca2+-regulated ATP-Mg/
Pi transporters in Arabidopsis, a group of proteins best studied in
human and yeast. The yeast ortholog, SAL1, was hypothesized to
be a target of glucose-induced Ca2+ signals [57–59] that would
activate its ATP-Mg/Pi exchange activity resulting in the rapid in-crease of mitochondrial ATP levels [60]. As such, mitochondria
are ATP consumers during aerobic growth on glucose-containing
medium [28]. Furthermore, the activity of SAL1 was found to be
strictly dependent on calcium binding to its EF-hands [29]. During
anaerobic growth the import of cytosolic ATP into mitochondria
becomes essential for mitochondrial viability because it helps to
maintain the mitochondrial membrane potential by a reversal of
the FoF1 H+-ATP synthase and proton pumping of the respiratory
complexes [61]. These ﬁndings could be translated directly to
plants. Under increased glucose/sucrose concentrations, an ATP ex-
cess from glycolysis could be shuttled into the mitochondria. This
would promote the proliferation of mitochondria and plant
growth, while only the ATP-Mg/Pi transporter adds nucleotides to
the net content of the mitochondrial ATP/ADP pool (in contrast
to AAC, the ADP/ATP exchanger; [61]). During hypoxia, for example
during waterlogging of plant roots, the loss of mitochondrial oxida-
tive phosphorylation could be counter balanced by APC1–3, to pro-
vide the mitochondria with ATP. Cytosolic Ca2+ ﬂuxes have been
observed upon the addition of glucose to plant cell cultures and
seedlings on plate [62,63] and in seedlings subjected to hypoxia
[64]. In this case the Ca2+ ﬂux might originate from the mitochon-
dria themselves [10,65] and accordingly, APC1, 2 and 3 might be a
direct target of these Ca2+-ﬂuxes.
To conclude, SAMTL and APC1, 2 and 3 can be added to a grow-
ing list of plant organellar calcium signaling proteins. We present
here basic evidence for a hypothetical function, topology and
Ca2+ regulation of SAMTL, which provides good ground for further
work on this MCF protein. We propose that SAMTL might help to
import SAM into chloroplasts in addition to SAMT1, perhaps under
conditions of increased need. Also for APC1, 2 and 3, the Arabidop-
sis ATP-Mg/Pi transporters, we have drawn several scenarios, based
on the yeast and human orthologs. The future challenge will be to
prove or disprove these scenarios for SAMTL and APC1-3 in planta
and connect them to Ca2+ signaling in organelles.
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